Rare earth elements have been extensively used as micro-fertilizers for crops in China. To understand the potential benefits or damages of Ce 4+ on rice, the effects of Ce 4+ on viability and membrane integrity of rice were investigated under hydroponic cultures. It has been found that the cell viability, electrical conductivity, pH changes, and concentration of malonyl dialdehyde did not change obviously when the content of Ce 4+ was 0.5 mg/L, but varied markedly when the contents of Ce 4+ were raised to 10 mg/L or more, indicating that the Ce 4+ at higher concentrations severely affected the cell membrane permeability.
Introduction
Rare earth elements (REEs) enriched fertilizers have been commonly used in China since the 1980s, thus inducing a growing concern about their environmental impact in agriculture. It has already been proved that REEs can improve the production and quality of crops. Recently, the research of crops has been studied at extensive aspects, including biological geotextiles [1] . The effects of REEs on plants have been studied at the physiological and biochemical level [2] - [5] , including the promotion of the growth of Crocus sativus cells, the cellular location of REEs in a cell, and reactive oxygen metabolism. Most of the evidences are focused on the REEs (III) ions. Less attention was paid to the mechanism of Ce 4+ acting as a stimulating signal of cell membrane defense responses.
The defense responses of plant cells to pathogens include the activation of defense-related genes [6] , accumu-lation of phytoalexins, hypersensitive response and disposition of lignin and other phenolic compounds in cell wall [7] [8] . The activation of plant defense requires the recognition of specific endogenous or exogenous signal molecules and the transduction of these signals to the cell nucleus. The cell membrane acts as "signal sensors" for external stimuli. Most of environmental stresses activate membrane-bound G-protein and enzymes such as Ca-ATPase, H + -ATPase and NADPH oxidase [9] , resulting in early cell responses including ROS accumulation [10] [11], extra-cellular medium acidification/alkalinization and subsequent defense gene activation. Therefore, the maintenance of cell-membrane integrity under stress conditions is essential not only for cells to transform external signals but also for them to survive.
Whether and how the Ce 4+ affects the cell membrane permeability in seedlings hydroponic cultures is an issue worth investigating. As the cell membrane is an interface for cells to exchange with the outer environment, the external stimuli may change some cellular functions [12] .
In this work, the effects of Ce 4+ on membrane integrity of seedlings hydroponic cultures of rice were investigated in detail so as to have a better understanding of the molecular mechanism of membrane responses. These will help us to understand the mechanism of Ce 4+ on crops production changes and concern about its environmental impact in agricultures.
Materials and Methods

Cultural Procedure
The seeds of rice (Oryza sative. Jinxing1) were sterilized by H 2 O 2 (10%) for 30 min and washed with deionized water, then soaked in water for 6 h and germinated in an incubator at 28˚C. When the length of hypocotyl was about 1 cm, seedlings were transplanted to plastic pots (diameter 10 cm) filled with deionized water in an incubator with the illumination of 6 klx (12 h light per day) at 28˚C. When the second leaves appeared, the seedlings were cultured in a 1/2 Hoagland nutrient solution. The nutrient solution was renewed every three days to stabilize pH. When the third leaves appeared, the seedlings were separately treated with different concentration of Ce 4+ (0.5, 5, 10 mg/L) supplied as Ce(NH 4 ) 2 (NO 3 ) 6 . The control was treated with same amount of deionized water. Samples were collected for analyses at a predetermined time.
Seedlings Viability
Seedlings viability was assayed using 2,3,5-triphenyltetrazolium chloride (TTC) following the method of Iborra et al. [13] . Following Ce 4+ treatment, the TTC solution was infiltrated into the rice cells. This assay directly determines the mitochondrial electron transport activity. The relative level of TTC reduction to formazan quantifies the cell viability by the spectrophotometric assay of the red formazan [13] . Fresh seedlings (200 mg) were collected in a tube and 8 ml TTC solution (0.8% TTC in 0.05 M phosphate buffer, pH 7.4, and 0.5 mL/L Tween 20) were added and the mixture was infiltrated for 5 min at reduced pressure. The seedlings samples were incubated in the TTC solution for 24 h at 25˚C in the dark, then seedlings were removed and rinsed with distilled water, placed in separate quartz tubes containing 3 ml of 95% ethanol in each, and submerged for 24 h at 25˚C in the dark. The absorbance was measured at 485 nm. Cell viability was expressed as the absorbance of the sample at 485 nm per gram of biomass (fresh wt.).
pH Measurement
pH measurement was performed by the pH meter (Radiometer Copenhagen, PHM210, Tacussel, France).
Measurement of Electrical Conductivity
Rice seedlings were subjected to the same concentrations of Ce 4+ as in the electrolyte leakage assay. The electrolyte leakage was quantified by electrical conductivity measurement. Membrane stability was expressed in terms of the electrolytic conductivity [14] . This method measures the increased electrolyte diffusion induced by Ce 4+ as a result of the changed cell membrane permeability. A total of 200 mg seedlings were transferred from the Ce 4+ -treated samples to a 10 ml centrifuge tube containing 4 ml ultrapure water at predetermined time of cultivation. Absolute electrical conductivity (uS cm −1 ) was measured at 25˚C using a Model DDS-307 conductivity meter.
Assay of Membrane Lipid Peroxidation
Malonyl dialdehyde (MDA), a final product of lipid peroxidation, was measured to evaluate the extent of lipid peroxidation in seedling hydroponic culture of rice. The MDA was measured by thiobarbituric acid (TBA) reaction [15] . Briefly, seedlings (200 mg) were homogenized in 4 ml 0.1% trichloroacetic acid (TCA). The homogenate was centrifuged at 13,000 g for 10 min. To 2 ml aliquot of the supernatant was added 4 ml 20% TCA containing 0.5% TBA. The mixture was heated at 95˚C for 30 min and quickly cooled down in an ice bath. After centrifugation at 10,000 g for 10 min, the absorbance of the supernatant was measured at 532 nm and the unspecific turbidity was exempted by subtracting the absorbance of the same sample at 600 nm. MDA concentration was calculated using the molar extinction coefficient of 155 mM −1 ·cm −1 .
Evans Blue Staining
Cell membrane permeability was analyzed using Evans blue dye following the method of Suzuki et al. [16] with a slight modification. Seedlings (200 mg) washed three times with 50 mM phosphate buffer (pH 5.8); seedlings were then placed on the sterilized dry filter paper. After doing so, the seedlings were collected in a tube and stained for 5 min with a 0.15% (w/v) solution of Evans Blue. Afterwards, the seedlings were re-filtered and washed five times with PBS to remove the excess dyes. The stained seedlings were collected and re-suspended in 5 ml solution consisting of 1.0% (w/v) SDS and 50% (v/v) methanol for 30 min at 50˚C. The solution was then cooled down to room temperature and the supernatant was collected and its absorbance at 600 nm was measured. . The conductivity was hardly affected compared to that of the control culture when the Ce 4+ content was 0.5 mg/L. When the Ce 4+ content was raised to 10 mg/L, however, the conductivity began to increase rapidly after 2 days and increased 693.3% in the case of rice of that of the control on Day 4, indicating that a net outflow of ions from the treated cells. 
Results
Effects of Ce 4+ on Cell Viability and Electrical Conductivity in Seedlings
Membrane Lipid Peroxidation Induced by Ce 4+ Addition
To further confirm the changes in cell membrane permeability caused by the Ce 4+ addition, the peroxide product of the main membrane lipids as a marker of membrane lipid breakage, the production of MDA, was tested. Figure 4 shows the dynamic changes of medium pH induced by Ce
Changes of Extra-Cellular Medium pH
4+
. As shown in Figure 4 , upon the addition of Ce 4+ the extra-cellular medium pH sharply decreased to a maximum value then began to increase and gradually restored to its initial level in the case of rice. The increase in Ce 4+ content led to a severer acidification of the extra-cellular medium. For example, when Ce 4+ concentration was 0.5 mg/L, no obvious change in extracellular pH was observed. However, when Ce 4+ concentration was raised to 10 mg/L, the extra-cellular pH decreased 1.0 unit compared to that of the control sample. At Day 2, all culture media returned to its initial level. These results indicated that Ce 4+ might take a function of inhibiting proton influx into cells across plasma membrane.
Changes of Membrane Permeability by Evens Blue Staining
Integrated cell membrane is impermeable for macromolecules such as Evans blue. When cell membrane undergoes an injury or loses its selective permeability, macromolecules can penetrate it. Thus, the amount of Evans blue entering and binding on cells reflects the degree of loss of cell membrane integrity. The change in cell membrane permeability was also reflected by the Evans blue assay. When the content of Ce 4+ was 0.5 mg/L, it was evident from Figure 5 that the cell membrane integrity was well maintained as normal. However, when the content of Ce 4+ was higher than 5 mg/L, an obvious loss in cell membrane integrity was observed. These results clearly indicated that Ce 4+ broke the membrane integrity of rice cells when their content reached 5 mg/L or more.
Discussion
The treatment of Ce 4+ (5 mg/L and 10 mg/L) led to a significant increase in ion leakage and decrease in rice seedlings cell viability compared to those of the control. Higher lipid peroxidation has been correlated with membrane permeability and electrolyte leakage [17] (Figure 2, Figure 3) . To confirm it, membrane lipid peroxidation caused by Ce 4+ was studied (Figure 3) . The development of any adverse processes is associated with disorders in cell metabolisms, structures and disintegration of the barrier and structural functions of the cell membrane [18] . The state of cell membranes is one of the most important factors in regulating biochemical and physical processes and maintaining homeostasis in cells.
Lipid peroxidation is considered to be a process induced by free radicals [19] . Increased lipid peroxidation has been known to occur during senescence [20] [21] . When the content of Ce 4+ was over 5 mg/L, the lipid peroxidation markedly increased (Figure 3) . This may reflect a decline of the anti-oxidative enzymes [22] . Lipid membrane peroxidation might alter the cell membrane permeability resulting in solute leakage, membrane damage and consequently a loss of cellular physiological functions. The results here showed that the lipid peroxidation increased with increasing culture time and Ce 4+ content. Generally, the extra-or intracellular pH maintains constant at normal physiological conditions. The pH change is regarded as a mechanism of cell biochemical responses under environment stresses [23] . )-ATPase [25] . As the stabilization of cellular medium pH is essential for cells to perform their biological functions, cells have other mechanisms to protect themselves from the unfavorable conditions. The restoration of the medium pH to its initial level might show that the alkaline plasma environment in turn inhibited H + -ATPase. Cell membrane is considered to be the primary site of toxicity for cyclic hydrocarbons with hydrocarbons preferentially partitioning into the lipid-containing plasmalemma from the aqueous media due to their hydrophobic nature and likely accumulating in the central, aliphatic part of the membrane bilayer [26] [27] . Recently, Xia et al. reported that the low level of Ce(III) had little effect on the mitochondrial permeability transition (MPT) of rice MPT, however, the higher level of Ce(III) could induce rice MPT [28] . As the initial site of interaction, the cell membrane disintegrated with increasing the content of Ce 4+ to the limit (5 mg/L) that the cells could suffer.
Conclusion
The treatment with Ce 4+ severely resulted in the decreases of cell viability, especially with 5 mg/L and 10 mg/L. Meanwhile, the pH of culture media dramatically decreased after adding the Ce 4+ , indicating the Ce 4+ addition causes the acidification of the extracellular medium. Additionally, the Ce 4+ addition (5 mg/L or more) caused the malonyl dialdehyde accumulation. The Evans blue assay further proofed that Ce 4+ broke the membrane integrity of rice cells when their content reached 5 mg/L or more. Taken together, a higher content (5 mg/L or higher) remarkably impacted the membrane integrity of rice cells in seedling hydroponic cultures.
